Abstract: Silt solidification is an important method of silt disposal, and it's proved to be quick effectiveness and time saving and large in capacity. In recent years, the industrial pollution has made the silt in the lake or the sea rich in harmful elements, such as heavy metal and organic matter, etc., which may strongly influence the solidification effect of silt and trigger secondary pollution. The author proposed a kind of choice, which could effectively decrease harmful elements leaching, based on engineering application. The performances of solidification with different ratio of cement and zeolite, such as unconfined compressive strength, compression coefficient, heavy metal fractions, heavy metal short-term stability and long-term stability are systematically studied. The article confirmed that the addition of the cement and the zeolite increase the strength of the soil and effectively enhance its deformation resistant capability. Furthermore, they significantly decrease the activity of harmful elements and greatly reduce the threat to the environment, which finds an effective solution to the environment problem. 
Introduction
The silt is clay mineral sediment that slowly forms in the lake or the sea under the influence of the molecular force and the electrostatic forces between particles. The flood storage capacity of reservoirs decreased due to long-term neglect river training. To solve this, large-scale silt-dredging projects have been undertaken, and vast quantities of dredging silt were produced. The total dredgings of Yangtze River, Yellow River, Poyang and Dongting Lakes reached to 120 million cubic meters from 1998 to 2003. Let alone of the Jiangsu Province, Zhejiang Province and Shanghai.
Whether to abandon the mud to the land or the sea, these traditional treatments would cause tremendous influence on ecological environment, complete damage of natural resources, environmental pollution and etc. The best method of the dredged mud treatment and disposal is the integrated utilization as resource, which was categorized into three systems: the physical treatment, the heat treatment process, and the chemical treatment. One of the best silt treatments is the solidification technology that falls under chemical treatment due to fast process time, cheaper, and ready to be used.
And the cement was mainly used as hardener to solidified mud owing to its hydration ability and gelling property.
However, the pollution made this uneconomic. The solidification was often ineffective when the cement was only
Research on the solidification of silt with cement and zeolite as additives 36 doi: 10.18282/ijg.v1.i17 material used. With the development of the economy, industrial, and agricultural, wastewater that contained large amounts of heavy metal, organic matter, and other harmful elements that were discharged, cause extreme pollution to the river. However, these harmful materials combined with the mud in the lake. When the dredged silt was used for solidification technology, the harmful elements contained in the mud greatly hindered the hydration of cement, causing the setting time to be delayed, the formation of strength was lagged and the chemical contaminant was unstable, etc. [1] . Zn and ZnO severely retarded the hydration of cement at short ages [2, 3] , and it could probably the zinc which changed fundamental hydrates forming a thin layer of amorphous zinc hydroxide around anhydrous particles [4] . The organic matter has also seriously affected the hydration process of cement, and the organic acids producing a pH lower than 9 in the pore solution strongly affected the development of cementing products and almost no strength gain was noted [5, 6] .
The negative effect of the heavy metal and organic matter to the solidification. Problems occurred when cement was used alone, such as delivering bad result and high cost in the point of immature and ineffective method. Therefore, based on the use of the cement, a new additive is required in order to change the condition. However, less study has been carried out to choose the right additive for solidification. If cement was used as the main curing agent, the zeolite was chosen as additive to adsorb the harmful matter in the solidification, ensuring less heavy metal leaching to meet stricter demand of environmental pollution control, while the strength and resistance to deformation were satisfied.
Natural zeolite (clinoptilolite), a crystalline hydrated aluminosilicates of alkali and alkaline earth element, could offer environmental protection through sorption and binding toxic elements since it has extraordinary ion exchange capacities. During the last few years, natural zeolites have been individually tested successfully for treatment of waste water and agriculture [7, 8] . However, there were no studies done in the combination of cement and zeolite used together as additives for solidification in the field of civil engineering.
The aim of the present work is to investigate the use of natural zeolite and cement together as soil additives, and to improve the mechanical properties, deformation resistant capability and the stability of toxic elements.
Materials and methods
The polluted soil samples were obtained from different locations in Wuxi, Jiangsu Province. The samples were then stored in plastic barrels and thoroughly mixed to ensure uniformity at room temperature for subsequent use in the experiments. The results of experiments conducted to characterize contaminated soil samples are given in Table 1 . The heavy metals content of the polluted soil is also presented in Table 1 . In the experiments, zeolite and cement were used as additives. The natural zeolite (clinoptilolite) was supplied from Qingdao, Shandong Province, and the cement with strength of grade #325 was used in the experiments. Twenty samples of cement and zeolite with different additive: soil ratio ( Table 2 ) was mixed thoroughly until the mixture became paste. These samples were brought into polyvinyl chloride (PVC) cylindrical molds at room temperature (22 ± 
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1℃) in a container. The container was then kept at saturated humidity in a curing room for 7 and 28 days. To choose a sequential extraction procedure that can effectively assess the environmental risk with less effort and time, three most commonly used extraction procedures are compared as shown in Table 3 : a five-step method, a four-step method [9] and a short three-step method [10] . Through a contrastive analysis in Table 4 , the short three-step sequential extraction method was used in this work. The method yielded two aqueous solutions: A1 (mobile fraction) and A2 (mobilisable fraction). The rest of the heavy metals, that in this paper would be considered as residual were removed by a mixture of HNO 3 -HCl-HF. The 
1
) maintained by a peristaltic pump. Each column was fitted with an acrylic jacket, which allowed leaching to be maintained at a constant temperature. All columns were fitted with pre-filters (pore size 1.5 m) and membrane filters were also fitted at the top of each column (pore size 0.45 m). Polyethylene tubing material was used throughout the process. Elute samples were collected over a three-week period.
The heavy metals (Cu, Pb, Zn and Cr) were analyzed by inductively coupled plasma mass spectrometry ICP-MS.
The chemical oxygen demand (COD) was analyzed by ultraviolet and visible spectrophotometer (UVS). The pH of solution was also recorded by using pH meter.
Result and discussion
The unconfined compression test
Unconfined compressive strength for different cured batches was tested at the end of 7 days and 28 days during the curing time. Figure 1 showed the value of unconfined compressive strength with the sample number. The maximum compressive strength was for the sample that contains 25% cement and 8% zeolite with a value of 178 N/mm 2 . The results showed that the strength and the dry density of solidified soil were increasing with the addition of cement and zeolite ratio, respectively. It is observed that the ratio of cement was the predominant factor to the strength that increased with time. The increased in curing time for all samples would lead to a better compression resistance. This was due to the slow formation of hydrated calcium silicates. This showed that the more cement used, the higher increasing rate of the strength. 
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The value of dry density with sample number was also presented in Figure 2 . As cement and zeolite ratio increased, the dry density increased. But the increasing rate of dry density was not high as compared to the strength. The reaction of cement hydrolysis and hydration was one of the reasons whereas another reason was the zeolite itself, particularly because of its large specific surface area and low porosity, in which, the pores are filled up by the soil that turns the structure into compact solidification; thus, contributing to the strength development.
Figure 2. The value of dry density with the sample number

One-dimension compression test
From the Figure 3 , it was observed that the initial void ratio and the compressibility factor decreased as the cement ratio increased. The cement played a remarkable role in improving the compactness and increasing the resistance to deformation of solidification. When the cement ratio reached 20%, the compression coefficient decreased rapidly and has reached medium compressibility, which could meet the demand of general engineering filling. This shows that the resistance to deformation may be fully met until the cement ratio reached certain content.
On the other hand, the zeolite admixture has significantly improved the compactness that attribute to the fact that the zeolite, because of its low porosity, effectively filled the pores of the solidified silt.
The study on heavy metal stability of solidified soil with constant 20% cement concentration with various zeolite concentrations (0%, 4%, 6%, and 8%) would be carried out. Cu, Pb, Zn, Cr, COD, and pH value in extracts of the heavy metal will be recorded.
Heavy metal fraction experiment
Four heavy metal fractions of Cu, Pb, Zn, and Cr are shown in Figure 4 to Figure 7 with different ratio of cement and zeolite, respectively. It was observed that with the absence of zeolite, the mobile fraction of Cu, Pb, Zn, and Cr accounted for 4.6%, 12.7%, 16.8% and 4.9% of the total amount. This fraction was very important from the point of view of the environmental risk and the mobilisable fraction, which could give an idea of the potentially risky form accounted for 39.9%, 13.4%, 13.7% and 7.2%, much larger than the previous study. However, when the zeolite was added, the environmental risk and the potential risk were significantly reduced, while the mobile fraction of Cu, Pb, Zn, and Cr reduced to 4.3%, 2.9%, 0.0%, and 0.8%, and the mobilisable fraction decreased to 16.6%, 5.6%, 4.7%, and 3.6%, respectively. When compared, the residual fraction of heavy metal increased. The result indicated that the heavy metal activity of Cu, Pb, Zn, and Cr could be greatly reduced with the increased ratio of zeolite. It could also be seen that the availability order of Cu, Pb, Zn, and Cr in the soil follows as below: Cr > Cu > Pb > Zn. 
Heavy metal short-term leaching experiment
The value of pH and COD with different ratio of zeolite is shown in Figure 8 . It can be seen that the value of pH increased from 9.2 to 10.2, while the value of COD reduced to 0. It seemed that the addition of zeolite enhanced the value of pH, and effectively adsorbed the organic matter. The reason that organic matter unable to dissolve in alkaline environment was that, the cement contained high rate of Ca 2+ which bound with the organic matter. The percentage of Cu, Pb, Zn, and Cr leached are presented in Figure 8 to Figure 12 . As ratio of zeolite increased, the percentage of Cu, Pb, Zn, and Cr leached has reduced from 12.2%, 21.0%, 18.3%, and 6.3% to 2.5%, 3.9%, 0.0%, and 1.6%, respectively. The result indicated that, no matter what the ratio of zeolite is, the percentage of Cu, Pb, Zn, and Cr leached is between the mobile fraction and the mobilisable fraction. Hence, we should understand that not only mobile fraction would endanger the environment; even the mobilisable fraction could cause the same danger. The incorporation of zeolite and cement effectively reduced the heavy metal and organic matter leaching, improved the short-term stability of heavy metal, and greatly reduced the threat to the environment. 
Heavy metal long-term leaching experiment
In the heavy metal long-term leaching experiment, the study on heavy metal long-term stability of solidified soil of 20% cement concentration with various concentration of zeolite (0% and 8%) were carried out. The result showed during the period from day 0 to day 1, the value of COD has uniform increased and reached its maximum by day 1. But the concentration tends to drop off over time until one steady count at last. The result indicated that the peak and the steady count decreased significantly when 8% zeolite was added; it seemed that the addition of zeolite greatly reduced the COD availability. 
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Conclusion
The addition of cement and zeolite increased the strength of the soil and effectively enhanced its deformation resistant capability. The ratio of cement is the most important factor for the soil's strength, which proportionally increase with time. On the other hand, the zeolite admixture has also significantly improved the compactness. When the cement ratio reached 20%, the compression coefficient decreased rapidly and has reached medium compressibility that meets the demand of general engineering filling. The heavy metal activity of Cu, Pb, Zn, and Cr could be greatly reduced with the increased ratio of zeolite. It could be observed that the availability order of Cu, Pb, Zn, and Cr in the soil is as follows:
Cr > Cu > Pb > Zn. The incorporation of zeolite and cement effectively reduced the heavy metal and organic matter leaching, improved the short-term stability of heavy metal, and greatly reduced the threat to the environment. The result of long-term leaching experiment indicated that the peak and the steady count decreased significantly when 8% zeolite was added. This showed that the addition of zeolite has high effect in reducing the COD availability. Furthermore, the percentage of Cu, Pb, Zn, and Cr leached were slightly lesser than the mobilisable fraction. Hence, it has once again proved the Maiz's conclusion.
